We present an all-dielectric meta-lens designed to collimate terahertz waves emitted from a terahertz antenna. The meta-lens is not only thinner than a conventional bulk silicon lens, but also promises to eliminate the use of parabolic mirrors in a terahertz time-domain spectroscopy system. A systematic numerical study reveals that the meta-lens exhibits excellent performance in both the emitter and detector modules, converting between the spherical wave of the antennas and the collimated beam. The frequency and alignment dependences of the meta-lens are also investigated to comprehensively map its response characteristics. The all-dielectric meta-lens presented here may pave a way in developing high-performance integrated photoconductive terahertz antenna components.
Introduction
Advancing practical terahertz technology has been a research frontier for several decades. Due to less scattering and better penetration compared to infrared light, higher imaging resolution compared to microwave, and minimized ionization compared to X-rays, terahertz radiation promises many practical applications, including imaging, spectroscopy, security, and wireless communications [1] - [6] . In these applications, an efficient terahertz source is essential, since it directly impacts the performance of any terahertz system. Among various terahertz sources, the photoconductive antenna (PCA) is one of the most widely used and can be divided into two categories: the broadband photoconductive antenna and the narrowband photomixer antenna. The most important advantage of a broadband PCA is that it can generate pulsed, high dynamic range terahertz radiation using very low optical excitation power. The broadband PCA emitter is at the core of THz-TDS (Terahertz time domain spectroscopy) systems [2] . The advantage of a narrowband photomixer antenna is that the terahertz frequency and linewidth are pre-selected by the choice of the excitation laser wavelengths and linewidths. A photomixer antenna is central to CW (Continuous-wave) terahertz systems [7] , [8] . In the actual utilization of PCAs, a collimating lens made from high-resistivity crystalline silicon is attached to the backside of the emitter chip. It is responsible for converting the emitter's spherical wave to a collimated, forward-propagating beam, while simultaneously reducing output loss brought about by total internal reflection [9] - [12] . High-resistivity silicon lenses have many advantages such as optical isotropy, low absorption, and near zero dispersion. However, the refractive index of silicon is relatively high, resulting in significant reflection loss at the siliconair interface. In addition, a silicon lens only converges the terahertz waves within a divergence half-angle of 15°if focusing aberrations must be avoided [11] . This generally necessitates the subsequent use of parabolic mirrors for further collimation. These parabolic mirrors aggravate the alignment difficulty of a terahertz system.
One possible way to replace the conventional silicon lens is to use an artificial focusing element, i.e., a metasurface lens. Metasurfaces are planar, ultrathin and artificial surfaces with specifically designed microstructures. They have the ability to enable almost arbitrary wavefront reconstruction and light manipulation. Because the planarity of metasurfaces avoids the fabrication difficulties encountered in three-dimensional (3D) metamaterials, these novel two-dimensional (2D) electromagnetic devices have recently attracted considerable research interest [13] - [17] . Indeed, metasurfaces have become a paradigm for realizing a series of advanced electromagnetic phenomena, such as plasmon induced transparency [18] , [19] , invisibility cloaking [20] , [21] , flat lenses [22] , [23] , polarization control [24] , [25] and active multifunctional metadevices [26] . Until now, most metasurfaces consist of metallic resonators, which suffer from high absorption caused by the intrinsic Ohmic loss [27] . All-dielectric metasurfaces can lower absorption loss, thereby improving performance in perfect reflectors [28] , magnetic mirrors [29] , and arbitrary wavefront control [30] - [32] . All-dielectric metasurfaces have also been employed in the terahertz regime, realizing various functional devices, including terahertz absorbers [33] , polarization control [34] , focusing devices [35] , and magnetic mirrors [36] . Nevertheless, most all-dielectric metasurfaces are designed as separate components rather than functional structures that can be integrated into terahertz emitters and detectors. And, the lack of high performance emitters and detectors is still a key problem limiting the development of terahertz technology. All-dielectric metasurfaces, integrated for the improvement of terahertz sources, are still a rarely reported yet promising application of this research direction.
In this article, we present a silicon-based metasurface lens specifically designed to collimate the waves radiating from a terahertz PCA. As opposed to a bulky silicon lens, the meta-lens consists of a single, patterned layer and delivers a nearly parallel output beam at the designed frequencies. This meta-lens has the promise to be directly integrated onto the backside of a PCA emitter with dual-side photolithography. Compared to the conventional silicon hyper-hemispherical lens, our flat metasurface lens is much thinner and lighter, and has enhanced collimation capability. The idea proposed here is important to the advancement of PCA-based terahertz systems, and paves a way to developing integrated terahertz meta-components and meta-systems.
Design and Numerical Analysis
In contrast to most existing meta-lens demonstrations, which focus a normally incident beam to a spot [22] , [23] , [35] , our goal is to collimate the diverging terahertz waves from an emitter and form a quasi-parallel beam having a beam waist at a specific distance. Since the beam diameter is finite, ideal parallel output is impossible in free space. The phase distribution of the incident wave (from the emitter) is strongly dependent on the radiative position r of the metasurface and the PCA's emission pattern. These patterns have been widely studied for PCAs with different substrate materials [37] - [39] and antenna geometries [40] - [42] . However, most can be regarded as dipole patterns, which have been explained analytically and verified experimentally [12] , [43] , [44] . In this work, the PCA is also modeled as a dipole on a GaAs substrate with a 650-μm thickness (t P ) and a refractive index of 3.6. The meta-lens here is to be fabricated by high-resistivity silicon with a refractive index of 3.45 and has a substrate thickness of t s = 1350 μm, as shown in Fig. 1(a) . In this case, the integrated PCA and meta-lens module has two substrate layers with a combined thickness such that the metasurface pattern is located in the far-field region of the PCA dipole. Thus, the emitted terahertz wave incident onto the meta-lens structure has an effectively spherical wave front. This determines the incidence phase distribution at the meta-lens by a simple formula:
where λ i is the wavelength in silicon, r is the radial distance on the surface of the silicon layer to the center point, and ϕ i n (r ) is the incident phase at the meta-lens. Since the output of the metalens must have a planar wave front, the phase change ϕ(r )required at each point of the meta-lens is determined by ϕ(r ) = 0 − ϕ i n (r ), as shown in Fig. 1(b) . One simplification adopted here is that we ignore the slight refractive index difference between GaAs and silicon. Thus, reflections and refraction at the GaAs-silicon interface can be disregarded. Having the target phase distribution,ϕ(r ),a cuboid pillar is employed as the meta-lens unit structure with its schematic illustrated in Fig. 2(a) . We found a family of cuboid pillars with the same height (h) and periodicity (p) and different pillar lengths (l) that have large transmission amplitudes while also realizing a range of phase change from 0-2π radians. The numerical simulations were carried out using a commercially available software (CST Microwave Studio) by a time domain solver. In the simulations, the pillars were placed on a uniform substrate made of the same material, high resistivity silicon with a relative permittivity of 11.9. We evaluated the transmission of the pillars by simulating a uniform plane wave transmitting from the silicon substrate to the air. The electric field polarization was oriented along the x axis, as illustrated in Fig. 2(a) . Periodic boundary conditions were used in both the x and y directions. The periodicity and pillar height were kept as small as possible because large structures exacerbate diffraction effects and complicate the manufacturing process. We used height and periodicity values of h = 150 μm and p = 80 μm respectively, which realized high transmission and phase range of entire 2π when l is ranging from 30 μm to 78 μm, as shown in Fig. 2(b) . The silicon-based subwavelength metasurface can be fabricated by photolithography technologies, which is the nextstep in our experimental research. The minimum variation of length l is limited to 1 μm, accounting for the resolution of the photolithography process. For all the pillar lengths, the transmission of the metasurface was found to be 100-120%, referenced against a bare silicon plate. The transmission spectra of l = 30, 50 and 70 μm are illustrated in Fig. 2(c) . From these we observe that the high transmittance at 1 THz is independent of pillar length, due to the fact that the resonance of the pillars occurs at higher frequencies. After quantifying the relationship between the length of the pillars and their phase change, the pillars with proper l were finally chosen to realize the desired phase change distribution,ϕ(r ). The centrosymmetric construction of the whole meta-lens is illustrated in Fig. 2(d) .
The performance of the meta-lens was numerically investigated using CST Microwave Studio. Since no magnetic material is involved, we account for only the electric field in the simulation. We set a dipole current source along the x-axis to represent a terahertz dipole source. This not only matches the actual terahertz photoconductive antenna, but also facilitates investigating the polarization dependence of the meta-lens to s-and p-polarized waves in y-z and x-z planes respectively. The simulated electric field distributions of this dipole source in the y-z and x-z planes with a 650-μm thick GaAs layer (ε GaAs = 12.96) and a 1350-μm thick uniform silicon substrate (ε Si = 11.9) are illustrated in Fig. 3(a) and (b) , respectively. It is clear that the generated wave transmits and expands through the GaAs and silicon substrate in the form of spherical wave, which verifies our theoretical assumption. Fig. 3(a) and (b) also indicate that the low efficiency of the bare PCA, without a collimating lens, is partially caused by total internal reflection. Due to the critical angle, only waves inside a cone with a divergence of 2 × θ c = 33.6
• contribute to output. When the microstructures are added to the backside of the PCA, as shown in Fig. 3(c) and (d) , the output wave front of the transmitted wave is nearly flat in both the y-z and the x-z planes, as expected. The initial spherical wave has been collimated into a quasi-plane wave and propagates up to 20 mm before re-divergence become significant, which clearly proves our meta-lens design. Also, with the meta-lens the divergence cone limited by total internal reflection is increased to 56.7°, as can be seen in Fig. 3(c) and (d) . This means more energy can be delivered by the meta-lens. We evaluate the delivered energy enhancement of the meta-lens, against the bare PCA case, by calculating the ratio of energy flows:
where S and S bar e are the calculated Poynting vector at 1 THz with and without the meta-lens respectively. The sums of the z-component of the Poynting vector provide the total terahertz energy flow in the direction of propagation received over a discretized 4.8 × 4.8 mm 2 screen located 5 mm from the silicon substrate. In this case, calculated value of α was found to be 15.5, from which we know that the energy aggregation ability of the meta-lens is very high. Similar experiments are required to compare this to the performance of a conventional silicon lens.
As can be seen in Fig. 3(c) and (d), the transmitted electric field in the x-z (s-polarized) and y-z (p-polarized) planes are different. While the equiphase surfaces of the transmitted waves are flat both in s-and p-polarizations, the differences in amplitude distribution cannot be ignored. We offer three reasons that may explain this phenomenon. First, a dipole source emits an approximately spherical wave, not a perfect one. Thus, the incident field distribution on the metasurface is not exactly the same in the x-z and y-z planes [44] . Second, under normal incidence the symmetry of the unit cell forbids any polarization related behavior. However, under oblique incidence, particularly at the outside edge of the meta-lens, the amplitude and phase modulation of the pillar is slightly different depending on polarization. Third, the permittivities of GaAs and silicon are not the same, which contributes to a polarization-dependent reflection at the GaAs-silicon interface. While these factors affect transmission amplitude, they apparently do not seriously affect the overall function of the meta-lens. Fig. 3(e) , (f) and (g) show the calculated cross-sectional amplitude distribution at z = 10 mm, z = 15 mm, and z = 20 mm, respectively. These cross-sections are marked by the black dashed lines in Fig. 3(c) and (d) . The amplitude plots indicate that the wave collimated by the meta-lens propagates along the optical axis with an extremely small divergence angle for a certain distance. While the beam is not an ideal Gaussian, the main power of the transmitted wave is still collimated around the optical axis of the output. Fig. 3(h) and (i) show normalized amplitude distributions obtained at z = 20 mm with y = 0 and x = 0 respectively, as indicated by the dashed line in Fig. 3(g) . We find that the full-width-half-max diameters of the amplitude distributions are 2.6 mm and 2.4 mm respectively. The far-field radiation pattern at the y-z and x-z planes are illustrated in Fig. 3(j) and (k), respectively. These patterns reveal that although sidelobes exist, most of the energy is closely centered around the optical axis, which verifies the performance of the collimating meta-lens. The good performance demonstrated here means that the parallel output beam requirement can be simply realized by a thin meta-lens directly integrated onto the emitter. Though in this work the metasurface lens is only proved theoretically and numerically, our next goal is to carry out the experiment verification. A fiber coupled bare PCA detector could be utilized to establish a dynamically scan. The small dipole PCA (10-50-10 dipole with a 5-μm gap) acts as a sampling point to obtain the field distribution behind the meta-lens, from which we can achieve high spatial resolution [45] .
Discussion
Though the meta-lens is designed for PCA emission, its usage in PCA detection was also investigated by numerical simulation. In PCA detection, the incident terahertz wave induces voltage across the antenna which accelerates photo-carriers generated by the laser. The temporal behavior of the photocurrent caused by the arriving terahertz wave can be measured by a variable time delay and a current meter [2] . Collimating components such as parabolic mirrors and silicon lenses are also used in detection to converge the terahertz radiation onto the PCA dipole. To clarify the performance of the meta-lens for detection, we simulated a linear x-polarized plane wave with normal incidence from air onto the meta-lens along the z direction. As can be seen in Fig. 4(a) and (b) , a strong focusing can be achieved, even if imperfect. This result demonstrates the complementary utility of the meta-lens in PCAs used for detection.
In the THz-TDS systems, the silicon lenses require tedious adjustment for high coupling efficiency. The misalignment of conventional silicon lenses was studied earlier [12] , and it was proved that misalignments cause beam deflection, resulting in further significant decrease in the terahertz signal. The metasurface-based collimating lens has this problem too. Here, we investigate the effect of transverse displacements between the x-oriented dipole and meta-lens in the amounts of 20, 50, and 100 μm along the y direction, as shown in Fig. 5(a), (b) , and (c), respectively. The shape of the transmitted waves is almost unchanged but the beam angle has a nearly constant shift of about 1/10 degree per 1 μm of displacement distance (d). This behavior remains the same for shifts in the x direction. Fig. 5(d) illustrates the amplitude distribution 10 mm away from the meta-lens when d = 100 μm along the y axis. Fig. 5(e) illustrates the amplitude distribution when d = 100 μm along both the y-and x-axes.
Since PCAs are often implemented in pulsed terahertz systems, another important property, frequency dependence, was also investigated. Using the same meta-lens design, we repeated the simulations at frequencies different from the original design frequency of 1 THz. As shown in Fig. 6 , for frequencies below 1 THz, the emitted terahertz wave rapidly converges to an obvious focus forms just beyond the meta-lens. However, above 1 THz, the beam instead diverges. As reported in Ref. 11, broadband terahertz waves emit from conventional silicon lenses within a divergence half-angle of 15°. The simulation results here indicate that the frequency band that has a divergence angle within 15°is from 0.8 THz [see Fig. 6 (a) and (b)] to 1.2 THz [see Fig. 6(c) and (d) ], which indicates a strong dispersion. The deviation from parallel propagation is due to frequency dependence of the silicon pillar. Thus, the meta-lens demonstrated here is more appropriate for narrowband applications, such as PCAs designed for photomixer emission. However, the meta-lens concept still has promise in broadband PCAs, if the goal relaxed to include slightly divergent output instead of strictly parallel propagation. In addition, a collimating meta-lens for broadband terahertz is not impossible. There are many design elements of the pillars have not been considered in this work, including the cross-sectional geometric profile and the height distribution. In the future, more accurate calculations and advanced fabrication methods will be part of our next efforts.
Conclusion
We demonstrate a conceptual metasurface lens composed of high-resistivity silicon pillars to collimate terahertz waves emitted from PCAs. Spatial distributions of the electric field clearly show that the meta-lens exhibits high transmittance and nearly parallel collimation performance at 1 THz. Complementary behavior in detection is also shown. In addition, the influence of misalignment and frequency dependence of the meta-lens are also discussed in detail. Comparing to the conventional hyper-spherical silicon lens, the proposed meta-lens is lighter, thinner, and has enhanced collimation abilities. While immediately applicable to narrowband terahertz photomixer antennas, the meta-lens concept looks promising even for broadband PCAs. Considering these advantages and the simple fabrication process, the metasurface lens proposed here exhibits considerable advantages for terahertz systems and will promote the development of the T-ray imaging and communications.
